A fixed focal length lens (FFL) camera with on-adjustable focal length is common companions for conducting aerial photography using unmanned aerial vehicles (UAVs) due to its superiority on optical quality and wider maximum aperture, lighter weight and smaller sizes. A wide-angle 35mm FFL Sony a5100 camera had been used extensively in our recent aerial photography campaign using UAV. Since this off-the-self digital camera is categorized into a non-metric one, a stability performance issue in terms of intrinsic parameters raises a considerably attention, particularly on variations of the lens principal distance and principal point's position relative to the camera's CCD/CMOS sensor caused by the engine and other vibrations during flight data acquisitions. A series of calibration bundle adjustment was conducted to determine variations in the principal distances and principal point coordinates before commencing, during, and after accomplishment of the flight missions. This paper demonstrates the computation of the parameters and presents the resulting parameters for three different epochs. It reveals that there are distinct discrepancies of the principal distances and principal point coordinates prior to, during, and after the mission, that peaked around 1.2mm for the principal distance, as well as around 0.4mm and 1.3mm along the x-axis and the y-axis of the principal point coordinates respectively. In contrast, the lens distortions parameters show practically no perturbations in terms of radial, decentering, and affinity distortion terms during the experiments.
Introduction
A consumer grade entry-level Sony a5100 camera had been used extensively in our recent aerial photography campaign using UAV [1] for orthophoto mapping [2] and cadastral mapping [3] , [4] . The Sony a5100 is a mirrorless compact that bundled with E PZ 16-50mm f/3.5-5.6 OSS zoom lens system (www.dpreview.com). Zoom lens consists of an assembly of various lens elements to allow for a range of focal lengths that enables a varying focal length to be produced from a single lens system which permits constant focusing of the same relative aperture as focal length is changed [5] . For example, the focal length range of 16-50mm would spanned from the closest focal length of 16mm to the further focal length of 50mm. Despites all of benefits offered by zoom lens system, a presence of chromatic aberrations that could downgrade accuracies of lens distortion models [6] -- [8] and off-the-self design of the zoom lens cannot be assumed to provide high mechanical stability [5] . This reason motivates us to replace the zoom lens system to a non-adjustable lens or fixed focal length lens (FFL). It is widely known that a fixed focal length lens is less likely to produce images with chromatic aberrations on which offers more superior optical quality [9] . Hence, a wide-angle 35mm FFL is attached to a body of Sony a5100 camera replacing its original zoom lens system.
Since the Sony a5100 off-the-self digital camera is categorized into a non-metric one, a stability performance issue in terms of intrinsic or interior orientation (IO) parameters raises a considerably attention, particularly on variations of the presumably fixed lens principal distance and principal point's position relative to the camera's CCD/CMOS sensor caused by the engine and other vibrations during flight data acquisitions. This paper investigates amount of deviation of FFL principal distances to the prescribed manufacturer release that is 35mm. utilization of the camera under conditions where vibrations, wind pressure and shock may be experienced during the campaign is subject to be investigated. Tied in with environmental extremity problems are demanded that the focal length lens undergoes immaterial deviations. Therefore, we quantify the deviations based on three different epochs: before the flight mission, during the missions and after the missions through conducting camera self-calibration on each epoch.
The Sony a5100 camera has not been specifically built for photogrammetry. There is no requirement for the manufacturer to align the lens element precisely, or to locate the lens in a pre-defined position relative to the CCD or CMOS sensor [10] . A metric quality issue of such a camera dominates mainly upon the degree of stability of the IO parameters [11] , thus an accurate knowledge of the IO parameters is necessary [12] , [13] for accurate photogrammetric products by using camera calibration. A camera calibration is a process of determining internal geometry parameters and optical characteristics of the camera which models the geometry of a complex camera system as an ideal pinhole camera [14] . There are numerous numbers of literatures on the digital camera calibration [6] , [11] , [15] . Among the existing camera calibration methods, an analytical self-calibration technique [16] , [17] have been gained a popularity to calibrate the cameras in that it provides a means for detecting irregularities in camera calibration when implemented in the camera operating environment for aerial photographing [18] -- [20] . The self-calibration method is performed by means of the bundle adjustment [6] which provides a simultaneous determination of the interior and exterior orientation parameters, as well as the object point coordinates performed with or without a provision of known coordinates of control points [11] , [13] , [15] , [21] -- [23] . However, while object space control points of known 3D coordinates are available, calibration parameters can be recovered using space resection methods [24] -- [26] , relative orientation methods [27] , [28] , or bundle adjustment with fixed 3D coordinates. Before elaborating the result, a brief discussion about the self-calibration method is following.
Method

Theoretical Foundation
The self-calibration procedure described in this paper is presented in the framework of analytical photogrammetric restitution which involves the perspective transformation between image and object space. It permits the IO parameters are recovered analytically, without the necessity for measured controlled points in object space [16] , [17] .
Considering the idealized camera configuration a collinearity equations provide the basis for such scheme [15] :
Equation (1) which account for the departures from collinearity that arise from a number of sources.
There are three main sources of physically interpretable departures from collinearity [15] such as symmetric radial distortion, decentring distortion, and affinity or in-plane image distortion. Error budgets of a displaced point on image will be a cumulative contribution of each perturbation [11] . Radial distortion is a radial displacement occurred on an imaged point from its theoretically correct position [12] , [13] . This can be expressed by:
Let r be the distance of the measured image point from the principal point (i.e. image radius), the radial distortion Δr is the radial displacement between the actual and the ideal locations of the image point, the Ks coefficients define the shape of the curve.
The radial distortion is applied in terms of two components which relate each other [15] :
Decentring distortion is due to imperfect centering of the lens components and misalignment of individual lens element in compound lenses. The distortion is asymmetric with respect to the principal point and it can be compensated in the x-y directions by the following functions [15] :
Δx and Δy are decentring distortion corrections, and P 1 , P 2 are decentring parameters. Additional distortion, affinity and shear describe deviations in terms of orthogonality and uniform scale of the coordinate axes. An appropriate correction can be applied in x-y direction by the following function [15] :
Two parameters of b1 and b2 account for differential scaling between the horizontal and vertical pixel spacing, and model non-orthogonality between the x-y axes. The individual terms of (4) --(6) used to model a total perturbation on image coordinate [15] :
The correction model described in (1) is based on that the assumption the corrections are calculated by self-calibrating bundle adjustment. In the collinearity model (1), an association of points in the object space and image space are determined, then the perturbed distortions are added to the measured image coordinates.
Camera Lens Characteristics
This project uses entry-level consumer grade Sony a5100 camera equipped with an interchangeable lens system, a wide-angle 35mm FFL attached to the camera body.
Specifications of the camera system are illustrated in Fig. 1 and Table 1 as follows. 
Field Measurement and Aerial Photography
This research is a part of the aerial mapping project using UAV to map Lowokwaru district in Malang City with its area spanned around 5000Ha. For camera self-calibration purposes, two calibration test fields are provided to assess the lens characteristics. The first calibration test field contains an array around 60 control points ( Fig.2a ) laid out regularly on the flat façade of a building which has small depth differences of approximately 20cm. This test field is used to calibrate the camera just before conducting the flight mission and just after the mission is done. But the second one has about 50 control points over 50m elevation differences located in the project area on the more rugged, undulated terrain. The second calibration test field constitutes approximately 20 per cent of average flying height above terrain which is the best choice for conducting camera self-calibration [29] (Fig.2b) . These control points coordinates are measured using GPS-RTK to an accuracy of about 1cm (Fig.2b, Fig.2c, Fig.3a and Fig.3b ). A purpose of giving control points 3D coordinates is to provide a more controllable calibration test area as a benchmark. The control points (Fig.2) are made up from a retro target that of a white concentric ring surrounded with dark background [30] to facilitate a possible highest accuracy of image coordinate measurements of control points on images. 
Results and Discussion
Now a stability of the FFL lens, the principal points offset, and lens distortion parameters will be ascertained using three image data sets: images taken prior to, during and post UAV flight mission. Before starting the first flight mission the camera self-calibration was conducted by photographing retro targets on the building façade ( Fig.2a ). During the flight missions, combinations of vertical and oblique images are collected for the camera self-calibration when the flight flied across the calibration test located in the project area ( Fig.2b) . Finally, after finishing the last flight mission, the camera self-calibration was performed again by photographing the retro target array on the building façade. These image data sets are processed using a free trial version of proprietary photogrammetric software. Results of the IO and lens distortion parameters are illustrated in Table 2 to Table 3 , as well as in Fig.4 to Fig.6 . Table 2 : Calibrated focal length and principal points. Furthermore, the instabilities are also happened to the principal points offset ( Table 2 and Fig.4b ). If varying discrepancies are contrasted between two epochs (Fig.4b) , it is shown that large deviations occurred when the camera is influenced by vibration of the platform (i.e. see epoch of``during vs before'' and``after vs during'') to peak at around 1.2mm. In contrast, a small amount of deviations of about 0.2mm (i.e. see epoch of`a fter vs before'') is occurred when the camera is not on the mission. Therefore, this fact proofs that the IO parameters are not stable for the FFL Lens.
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For the lens distortion parameters, on the other hand, immaterial differences are experienced in the three epochs (Table 3 and 
Conclusion
In summary, the manufacturer release of the fixed focal length Sony FE 35mm F2.8
ZA Carl Zeiss T Lens must be carefully anticipated when incorporated it in the photogrammetric UAV project mission. The lens' focal length and principal points are not Table 3 : Calibrated lens distortion model prior to, during, and after the flight mission. 
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